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Using polyelectrolytes (P3CT-Na) as hole-transporting materials 
(HTMs), high performance inverted perovskite solar cells with a PCE of 
16.6% could be obtained, which was more than 20% improvement 
compared with those based on the PEDOT:PSS HTM (PCE of 13.7%). 
The performance improvement can be ascribed to the desirable match 
of energy levels as well as the better crystalline properties and larger 
grain size of CHsNHzPbCls_,l, films on P3CT-Na. Importantly, rather 
good performance with PCE over 11% is achievable even if the 
P3CT-Na thickness ranges from 1 nm to 52 nm. Our work indicated the 
promising applications of polyelectrolyte based HTMs in perovskite 
solar cells and may provide some insights into the design and synthesis 
of new HTMs to further improve the device performance. 


Perovskite solar cells based on hybrid methylammonium lead 
halide (CH3;NH3PbX3, X = halogen) have been intensively 
studied and considered to be one of the most promising thin 
film photovoltaic devices for the next generation.** CH;NH3- 
PbX; perovskite materials exhibited excellent properties for 
photovoltaic applications, such as broad optical absorbance, 
low-temperature solution processability, ambipolar transport 
properties* and long electron-hole diffusion length**® (100 nm 
for triiodide and 1 um for mixed trihalide perovskite). Initially, 
Miyasaka and co-workers introduced CH3NH3PbX; into liquid 
dye-sensitized solar cells (DSSCs) as a sensitizer and a power 
conversion efficiency (PCE) of 3.8% was obtained.’ The relative 
low efficiency was mainly due to the easy dissolution of 
CH3;NH3PbxX; in the liquid electrolyte (iodine/iodide redox 
couple). By replacing the liquid electrolyte with a solid hole- 
transporting material (HTM), like 2,2'7,7'-tetrakis(N,N-di-p- 
methoxyphenylamine)-9,9’-spirobifluorene (spiro-MeOTAD), a 
PCE of >10% and even 17-19% could be obtained by Snaith, 
Gratzel and Y. Yang et al. through morphology control, 


Institute of New Energy Technology, Ningbo Institute of Materials Technology and 
Engineering, Chinese Academy of Sciences, Ningbo, 315201, China. E-mail: fangjf@ 
nimte.ac.cn 


chemical management and interfacial optimization.* *° Gener- 
ally, these devices used compact or mesoporous TiO, as an 
electron transporting material (ETM) and spiro-MeOTAD as the 
HTM. However, the high temperature sintering of the TiO. ETM 
as well as the oxidation doping of the spiro-MeOTAD HTM 
made the device fabrication time-consuming and may also 
affect the device repeatability. 

Alternatively, a so-called inverted p-PSC based on the 
ITO/PEDOT:PSS substrate was introduced by Jun-Yuan Jeng 
et al. although only a PCE of 3.9% was obtained.” Soon, the PCE 
was increased to 9.8% on the FTO/PEDOT:PSS substrate.” 
Recently, more efficient inverted p-PSCs with PCE >10% have 
been reported?! and a PCE of ~15% has also been realized 
through vacuum deposition” or two-step fabrication.””**° In 
these inverted p-PSCs, the perovskite absorber was sandwiched 
between the PEDOT:PSS HTM and an electron transport layer 
(Cso or [6,6]-phenyl-C,,-butyric acid methyl ester, PC,,BM), 
forming a P-I-N junction. Xing et al. proved that the time and 
efficiency of electron transport from CH3NH;3PbI; to PC,,BM 
were 0.4 ns and 92%, respectively, indicating efficient electron 
transport between perovskite and PC6ıBM.° However, for hole 
transport, the three-dimensional inhomogeneities and aniso- 
tropic conductivity of PEDOT:PSS due to its lamellar structure 
may limit the effective collection of carriers.*+* In addition, 
previous reports have proved that the work function (WF) of 
PEDOT:PSS (4.9-5.1 eV) was usually lower than the ionization 
potential of perovskite (e.g., 5.3-5.4 eV for CH;NH3PbX3).** This 
energy level difference would lead to energy loss at the 
CH3NH;3PbX;/PEDOT:PSS interface, thus decreasing the built-in 
potential and corresponding performance of solar cells.** To 
overcome these disadvantages, several new types of HTMs were 
developed to replace PEDOT:PSS, such as metal oxides,***° 
graphene oxide? and even the doping of PEDOT:PSS.* 
However, the ultimate device performance was not so ideal due 
to various potential reasons, such as poor wetting, high- 
temperature or high-vacuum processes and so on. 

To further increase the efficiency of low-temperature solu- 
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tion processed inverted p-PSCs, developing some innovative 
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types of HTMs to replace PEDOT:PSS is necessary. Water soluble 
polyelectrolytes have been widely utilized in organic light- 
emitting diodes (OLEDs) and organic solar cells (OSCs) due to 
their low temperature treatment and solution processability. 
Through introducing these polyelectrolytes, a dipole could be 
formed at the interface, thus regulating the WF of the ITO 
electrode and improving the carrier extraction. However, in 
perovskite solar cells, the application of polyelectrolytes was 
rarely reported and the corresponding reason was not clear yet. 

In this work, by introducing a water soluble polyelectrolyte, 
poly[3-(4-carboxylatebutyl)thiophene (P3CT-Na, Fig. 1a), as the 
HTM, solution processed CH;NH3PbCl;_,1, perovskite as the 
absorber and PC,,BM/C,go as the electron transport layer 
(Fig. 1a), high performance inverted p-PSCs with a PCE of 16.6% 
(average 15.4%) could be obtained, which was more than 20% 
improvement compared with those of PEDOT:PSS based devices 
fabricated under the same conditions (highest PCE of 13.7%, 
average 11.6%). More importantly, in contrast with most of the 
polyelectrolytes previously reported in OLED or OSCs, high 
performance PSCs without any S-shaped J-V curves would be 
achieved even with a thick P3CT-Na layer: PCE over 11% could 
be obtained with the P3CT-Na thickness ranging from 1 nm to 
52 nm. These results indicate the promising applications of 
water soluble polyelectrolyte based HTMs in inverted perovskite 
solar cells and may open up some new insights into the design 
and synthesis of polyelectrolyte based HTMs to further improve 
the device performance. 

Fig. 1b shows the energy level diagram of p-PSCs used in our 
work. For bare ITO glass, the WF value was 4.85 eV, which was 
not high enough for efficient hole collection. When PEDOT:PSS 
was coated on ITO glass, the WF increased to 5.11 eV (Fig. S17), 
facilitating the hole collection to some extent. However, the WF 
was still a little lower compared with the valence band (VB) of 
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Fig.1 (a) Chemical structure of P3CT-Na and the device configuration 
used in our work. (b) The corresponding energy level diagram of 
perovskite solar cells. 


CH3NH3PbCl3_,I, (5.3 eV), which may lead to potential energy 
loss at the CH;NH3PbCl,_,1,/PEDOT:PSS interface and decrease 
the built-in potential of solar cells.** To decrease the interfacial 
energy loss as possible, further increasing the WF of ITO glass 
was necessary. After introducing P3CT-Na to replace 
PEDOT:PSS, the ITO WF increased to 5.26 eV, which was 0.15 eV 
higher than that of PEDOT:PSS and very close to the VB of 
CH3NH3PbCl3_,1, (5.3 eV). In addition, previous studies on 
polymer light-emitting diodes (PLEDs) have proved that the 
maximum current efficiency of PLEDs could be doubled if an 
electron blocking layer was inserted between PEDOT:PSS and 
the emissive layer, indicating that PEDOT:PSS did not possess 
good electron blocking capacity.***? The inability of PEDOT:PSS 
in blocking electrons may induce severe interfacial recombi- 
nation, which would limit the performance of p-PSCs with the 
PEDOT:PSS HTM. And Bolink et al. have also found that the 
performance of p-PSCs could be effectively enhanced by 
inserting an extra organic layer (polyTPD) between 
ITO/PEDOT:PSS and the perovskite absorber to block elec- 
trons.*°** For the P3CT-Na HTM, the lowest unoccupied 
molecular orbital (LUMO, 3.33 eV) was 0.42 eV closer to vacuum 
compared with the conduction band (CB) of the 
CH3NH3PbCl,_,1,, absorber (3.75 eV), which was large enough to 
block the electron transport to the anode, thus inhibiting the 
potential interfacial recombination and increasing the Və: of 
devices. In addition, good cathode contact would also be 
formed as shown in Fig. 1b. As a result, the desirable energy 
level match between CH;NH3PbCl;_,1,, and P3CT-Na or C,)/Al 
as well as the efficient electron blocking capacity made P3CT-Na 
a good candidate as the HTM for high performance planar 
perovskite solar cells. 

Fig. 2a shows the J-V curves of the best inverted p-PSCs with 
P3CT-Na and PEDOT:PSS under AM 1.5 (100 mW cm ”) 
illumination. For the PEDOT:PSS based devices, a moderate 
PCE of 13.7% (average 11.6%) was obtained, mainly due to the 
inferior Vəc of 0.92 V and FF of 65% despite the high J,. of 22.85 
mA cm *. Remarkably, through introducing P3CT-Na to replace 
PEDOT:PSS, the best PCE rockets to 16.6%, which was 21% 
improvement compared with those of PEDOT:PSS based 
devices. The improvement was mainly due to the impressive 
increase in Voc (from 0.92 V to 1.07 V) and FF (from 65% to 73%), 
although the J,. slightly decreased to 21.14 mA cm *, which may 
be caused by the decreased light transmittance of P3CT-Na 
coated ITO (Fig. S2ł). In solar cells, the Voe was determined by 
the build-in potential (V,;). To compare the Vp; of p-PSCs on 
P3CT-Na and PEDOT:PSS, the relationship between the net 
photocurrent density (AJ, the difference of photocurrent 
between under illumination and under dark conditions) and 
applied voltage is shown in the inset of Fig. 2a. According to 
eqn (1), the Vp; was correlated with the compensation voltage Vo 
at which AJ = 0: 


KgT 
Vo = Vai - = 


In(A) (1) 


where Kp, T, e and A are the Boltzmann constant, absolute 
temperature, the magnitude of the electron charge and a 
material parameter, respectively. The higher Vo for p-PSCs on 
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Fig. 2 (a) J-V curves of the best p-PSCs with PEDOT:PSS and the 
P3CT-Na layer, inset: the difference of photocurrent between under 
illumination and in the dark (AJ) vs. voltage applied on p-PSCs; (b) plots 
of —dV/dJ vs. (Js — J)! and the linear fitting curves, inset: the 
equivalent circuit for p-PSCs with J, (light-induced constant current), 
Jp (current of the PN junction diode), R, (series resistance), Rn (shunt 
resistance), and J (current flowing through the external load). 


P3CT-Na (1.05 V, Vo of p-PSCs on PEDOT:PSS was 0.89 V) meant 
the increased forward diffusion of carriers in CH3NH3PbCl;_,I,, 
which would lead to a larger Vpi, agreeing with the improved Vo. 
for p-PSCs on P3CT-Na.* As to the FF, it was correlated with the 
series resistance (R,) of solar cells. According to the equivalent 
circuit of solar cells in the inset of Fig. 2b (J, is the light-induced 
constant current density and Jp is the current density of the PN 
junction diode), eqn (2) could be deduced (considering the 
shunt resistance, Rs, was very large): 


dV AK3T 
= Js 
dJ e ( 


J)! +R, (2) 


Fig. 2b shows the plots of —dV/dJ vs. (Jee — J)~* and linear 
fitting curves of eqn (2). The good linear relation between 
—dvV/dJ and (Jse — J) * means that both the p-PSCs based on 
P3CT-Na and PEDOT:PSS were well-behaved heterojunction 
solar cells to some extent.** And the intercept of linear fitting 


curves meant the magnitude of R, in solar cells. Obviously, the 
p-PSCs on P3CT-Na exhibited a R, of 2.18 Qcem’, which was 
about 48% smaller than that of p-PSCs on PEDOT:PSS (R, of 
3.22 Qcm’). The relatively small R, of p-PSCs on P3CT-Na would 
lead to the improved FF of solar cells, in agreement with that 
shown in Fig. 2a. Furthermore, the J-V hysteresis is a hot topic 
in some perovskite solar cells,“*** but no obvious hysteresis was 
observed in our devices with the P3CT-Na HTM (Fig. $3). And 
the statistical analysis of the device performance with P3CT-Na 
and PEDOT:PSS is shown in Fig. $4.7 

Fig. 3a and b show the scanning electron microscopy (SEM) 
images of CH3NH3PbCl;_,1, deposited on P3CT-Na and 
PEDOT:PSS, respectively. The perovskite films on P3CT-Na 
exhibited larger grain size and lower number of pinholes than 
those on PEDOT:PSS, which would lead to much lower grain 
boundary density. X-ray photoelectron and thermal admittance 
spectroscopy in previous studies have proved that the trap states 
induced by the grain boundary could introduce sub-gap states 
in perovskite films and reduce the device Və: and FF due to the 
hole accumulation caused by the trap filling of photo-generated 
electrons. And the lower number of pinholes in 
CH3NH3PbCl;_,1, on P3CT-Na would also prevent the potential 
contact of P3CT-Na and PCBM, thus inhibiting the leakage 
current and further improving the Vo: and FF as well as the 
device performance. Fig. 3c shows the X-ray diffraction (XRD) 
patterns of CH3NH3PbCl3_,J, grown on P3CT-Na and 
PEDOT:PSS. The peaks at 14.5°, 28.7°, 43.6° and 59.2° could be 
attributed to the (110), (220), (330) and (440) faces of the 
tetragonal CH3NH3PbCl3;_,1, crystal structure, which was 
similar to previous studies. Note that all the XRD peaks were 
impressively enhanced when using P3CT-Na to replace 
PEDOT:PSS as the HTM, indicating the much improved crys- 
talline properties of perovskite films on P3CT-Na.* In addition, 
the full width at half maximum (FWHM) of the (110) peak for 
perovskite films on P3CT-Na was much narrower than that on 
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Fig. 3 (a) SEM images of CH3NH3PÞbClz-xlx films deposited on 
ITO/P3CT-Na and (b) ITO/PEDOT:PSS; (c) XRD of CHsNH3PbClz_,l, 
films on ITO/P3CT-Na and ITO/PEDOT:PSS; (d) steady state photo- 
luminescence (ST-PL) of CH3NH3PbClz_xlx films and ITO/P3CT-Na 
and ITO/PEDOT:PSS. 


PEDOT:PSS, which also showed the better crystalline properties 
for perovskite on P3CT-Na. 

Fig. 3d shows steady state photoluminescence (ST-PL) 
spectra (excited at 600 nm) of CH3NH3PbCl;_,1, deposited on 
P3CT-Na and PEDOT:PSS, respectively. When PCBM was 
spin-coated on CH3NH3PbCl;_,1, films, the ST-PL of 
CH3NH3PbCl;_,1, could be quenched due to the efficient carrier 
separation between CH3NH3PbCl;_,], and PCBM. For 
CH3NH;3PbCl3_,], on P3CT-Na, 97.9% ST-PL would be 
quenched, while only 95.5% ST-PL quenched for that on 
PEDOT:PSS, indicating more efficient carrier separation and 
transport when CH;NH;3PbCl;_,1, was deposited on P3CT-Na. 
Notably, the PL emission peak of CH3NH3PbCl3_,1, on P3CT-Na 
appeared at 775 nm, while CH3;NH3PbCl;_,1, on PEDOT:PSS 
exhibited an emission peak at 782 nm, which was about 7 nm 
red shifted compared with that on P3CT-Na. The red shift in the 
emission peak may be caused by the relaxation of photoexcitons 
to low energy excited states due to the presence of sub-gap states 
induced by the crystal grain boundary in CH3NH3PbCl3_,1, 
deposited on PEDOT:PSS.*”*? In addition, the time-resolved PL 
decay also showed that CH;NH3PbCl;_,1,, on P3CT-Na exhibited 
a much longer decay time than that on PEDOT:PSS, indicating 
longer exciton diffusion lengths and reduced recombination, 
which also proved the lower number of traps or sub-gap states 
in CH3NH3PbCl3_,1, on P3CT-Na to some extent (Fig. S5t).°? 

All the studies mentioned above showed the excellent func- 
tion of the water soluble polyelectrolyte P3CT-Na as a HTM in 
inverted p-PSCs. In OLEDs or OSCs, the device performance 
strongly depended on the film thickness of the polyelectrolyte 
interlayer: the interlayer thickness must be well controlled and 
generally >10 nm interlayers would cause S-shaped J-V curves, 
strongly decreasing the performance of devices.**°> However, 
for P3CT-Na, all devices showed average PCE over 11% even 
though the thickness of P3CT-Na ranged from 1 nm to 52 nm. 
And a PCE of 9% without any S-shaped J-V curves could still be 
obtained even with an 80 nm P3CT-Na layer. Table 1 and Fig. 4a 
show the specific photovoltaic parameters. When 1 nm P3CT-Na 
was introduced, an average PCE of 12.3% (highest 12.8%) could 
be obtained with a V,,. of 0.93 V, a Je. of 19.67 mA cm” and a FF 


Table 1 The photovoltaic parameters of devices with PEDOT:PSS or 
different P3CT-Na thicknesses under AM 1.5 (100 mW cm~?) 
illumination 


Thickness“ (nm) Voe (V) Jse(mAcm™*) FF(%) PCE” (%) 
1 0.94 (0.93) 19.98 (19.67) 68 (67) 12.8 (12.3) 
4 1.07 (1.05) 21.14 (19.93) 73 (74) 16.6 (15.4) 
10 0.99 (0.98) 20.98 (20.25) 75 (73) 15.6 (14.5) 
27 0.91 (0.93) 19.83 (18.93) 75(70) 13.6 (12.7) 
52 0.99 (0.98) 16.07 (15.21) 74(74) 11.8 (11.0) 
80 0.93 (0.92) 13.73 (13.52) 75(72) 9.5 (9.0) 
PEDOT:PSS 0.92 (0.89) 22.85 (21.20)  65(62) 13.7 (11.6) 


“The thickness of the P3CT-Na layer. ” The values in brackets are 
average values. The average PCE of devices with 4 nm P3CT-Na and 
PEDOT:PSS was among 15 separated devices and others were among 6 
devices. 
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Fig.4 (a) J—V curves and (b) EGE of p-PSCs with different thicknesses 
of the P3CT-Na layer. 


of 67%. If the thickness was increased to 4 nm, much higher Voe 
(1.05 V) and FF (74%) were obtained, leading to the peak device 
performance with a PCE of 15.4% (highest 16.6%). Further 
increasing the thickness of P3CT-Na, the PCE started to 
decrease mainly due to the decreased J... For example, when the 
P3CT-Na thickness was 27, 52, and 80 nm, the corresponding Jse 
values were 18.93, 15.21 and 13.52 mA cm”, respectively. 
Importantly, even though the thickness of P3CT-Na widely 
ranged from 1 nm to 80 nm, high V,, (>0.9 V) and FF (~70%) 
could be obtained, indicating the excellent hole transport 
properties of P3CT-Na. In addition, scanning electron micros- 
copy (SEM) and atomic force microscopy (AFM) were conducted 
to study the film morphology of P3CT-Na (Fig. S6 and S77). The 
appearance of bright particles indicated that P3CT-Na would 
aggregate together on ITO glass and form some column-like 
structure, leading to coarser films. These column-like structures 
may act as scaffolds for perovskite absorbers to grow on and 
could also extend into the bulk of the CH;NH3PbCl;3__,1, layer to 
benefit the carrier collection, which may be a reasonable 
explanation for the good device performance even with a thick 
P3CT-Na layer (like 52 nm). 


To understand the decreased J,. for devices with increasing 
P3CT-Na thickness, we measured the external quantum effi- 
ciency (EQE) of devices with different P3CT-Na thicknesses 
(Fig. 4b). For devices with 4 nm P3CT-Na, a high EQE value of 
~80% could be obtained in the wavelength range of 400 nm to 
750 nm and the fitting J,, (20.74 mA cm ”) agreed well with that 
obtained from J-V curves (21.14 mA cm”). With the increase of 
P3CT-Na thickness (from 4 nm to 27, 52 and 80 nm), an EQE 
valley appeared in the wavelength range of 400 nm to 650 nm 
and even an EQE <30% (at ~540 nm) was observed for the 
device with 80 nm P3CT-Na. However, the EQE value in the 
wavelength range of 650 nm to 750 nm was always stabilized at 
~80% no matter how thick the P3CT-Na layer was. Considering 
the UV-visible absorbance spectroscopy of P3CT-Na (Fig. S8,t 
the P3CT-Na films showed strong absorbance from 400 nm to 
650 nm), the decrease of EQE as well as the corresponding J. 
could be ascribed to the absorbance of the P3CT-Na layer. 


Conclusions 


In conclusion, a water soluble polyelectrolyte (P3CT-Na) was 
successfully introduced into perovskite solar cells as the HTM and 
a PCE of 16.6% could be obtained. The P3CT-Na HTM could 
effectively transport holes and block electrons to the anode, 
limiting the potential interfacial recombination and increasing the 
Voce and FF of devices. XRD, SEM and PL spectral measurements 
showed that CH3NH3PbCl3_,J, on P3CT-Na exhibited better crys- 
talline properties, larger grain size, lower number of pinholes as 
well as better PL quenching efficiency with PCBM, which would 
greatly reduce the traps or sub-gap states in CH;NH3PbCl;_,1,, 
thus improving the device performance. In addition, the devices 
based on P3CT-Na would always show good performance even with 
a thick P3CT-Na layer. The PCE could be stabilized over 11% even if 
the thickness of the P3CT-Na layer ranged from 1 nm to 52 nm, and 
the inferior PCE of p-PSCs with the thick P3CT-Na layer was mainly 
due to the decreased Js: caused by the absorbance of P3CT-Na. Our 
work indicated that water soluble polyelectrolytes could also work 
well as an innovative type of HTM in perovskite solar cells. For 
further studies, the optimization of the chemical structure of 
P3CT-Na and alleviating the absorbance of the HTM layer could be 
an effective method to improve the device performance. 
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